Abstract-Cooperative communication with multi-antenna relays can significantly increase the reliability and speed. However, cooperative MIMO detection would impose considerable complexity overhead onto the relay if a full detect-and-forward (FDF) strategy is employed. In order to address this challenge, we propose a novel cooperative partial detection (CPD) strategy to partition the detection task between the relay and the destination. CPD utilizes the inherent structure of the tree-based sphere detectors, and modifies the tree traversal so that instead of visiting all the levels of the tree, only a subset of the levels, thus a subset of the transmitted streams, are visited. Based on this methodology, the destination combines the source signal and the partial relay signal to perform the detection step. We show, in both simulation and hardware verification on the WARP platform, that using the CPD approach, the relay can avoid the considerable overhead of MIMO detection while helping the source-destination link to improve its performance. More recently, there have been some attempts to study the theoretical benefits and bounds on deploying MIMO nodes in cooperative scenarios, both as relays and as source/destination pairs. In doing so, lower bounds and upper bounds for MIMO relay networks were given in [8], [9] .
I. INTRODUCTION
Cooperative communications, where a relay node helps a direct source-destination communication, has been known to improve the performance by increasing the diversity in the destination [1] , [2] . Multiple-input multiple-output (MIMO) systems have also been known to improve the reliability and data rate in point-to-point communications [3] . Because of the important role of MIMO systems in wireless standards, various detection algorithms and architectures, mostly based upon sphere detection, have been proposed to reduce the complexity of detection in MIMO systems [4] , [5] , [6] , [7] . More recently, there have been some attempts to study the theoretical benefits and bounds on deploying MIMO nodes in cooperative scenarios, both as relays and as source/destination pairs. In doing so, lower bounds and upper bounds for MIMO relay networks were given in [8] , [9] .
While dedicated multi-antenna relays will be capable of performing computationally intensive operations, other potential MIMO relays will be mobile multi-antenna users that could choose to assist the active links in the environments during their idle times. Full detect-and-forward in the relay can require a significant amount of resources in MIMO cooperative communications, particularly if the relay chooses to perform a close-to-optimum detection. This effect becomes more important when one considers the practical resource constraints of idle MIMO users operating as relays. Therefore, it is crucial to distribute the detection task between the relay and the destination in such a way that the relay does not need to spend too much of its processing and transmit power, and yet, can enhance the performance compared to a non-relay scenario.
In order to address these challenges, we propose novel cooperative partial detection schemes in MIMO relay channels, where instead of applying the conventional full detection in the relay, the relay performs a partial detection and forwards the detected parts of the message to the destination. We will show that this cooperative detection scheme improves the performance compared to non-relay scenarios with limited computational overhead in the relay, and helps in distributing the detection process between the relay and destination. Finally, we provide an over-the-air implementation of this technique on the WARP platform [10] . This paper is organized as follows: Section II covers the system model definition. The full detect and forward scheme is described in section III. The proposed cooperative partial detection algorithm is presented in section IV. Monte-Carlo simulation results and hardware verification of the proposed scheme are presented in section V.
II. SYSTEM MODEL We assume a three node network: the source, relay and destination, denoted by S, R and D; respectively. We further assume that the source, relay and destination are equipped with Ms, Mr and M d antennas; respectively. Given the practical limitations of deploying full duplex radios, we assume the relay operates in half-duplex mode. The communication between the source and the destination is performed in two time slots. In the first time slot, the source broadcasts its message to both the relay and the destination; and in the second time slot, the relay, using a Mru ≤ Mr subset of its antennas, transmits its message to the destination while the source is silent.
The received signals at the relay and destination at the end of the first time slot are given by yr = Hsrxs + nr,
(1) y
Likewise, the received signal at the destination at the end of the second time slot is given by
where superscripts (1) and (2) are used to distinguish the first and second time slots. Since the relay receives only at the end of the first time slot, no superscript is used for the relay. In Eq. Also, note that since we do not assume any channel coding, the receivers perform only hard detection.
As illustrated in Figure 1, The signal-to-noise ratios, SNR, at each of the receive antennas of the relay and destination are defined as
where α is the path loss exponent, and usually changes between 2 and 6. The above SNR equations imply that the sum transmit power from the source and the relay is set to P , and is split with a proportion factor of 0 < μ ≤ 1, such that the source uses μP and the relay uses 
III. FULL DETECT-AND-FORWARD (FDF) WITH MIMO RELAYS
In this section, we present the symbol-level detector in the relay and destination. In the full detect-and-forward (FDF), the source transmits xs in the first time slot, and the relay and destination receive their copy of the transmitted vector, yr and y (1) d . Then, the relay performs sphere detection on its received vector, yr, to findxs, wherexs is equal to xs in an error-free detection:
The norm in (5) can be re-written as [4] 
Ri,jbj˛2 (6) where Hsr = QR, QQ * = I and y = Q * yr. Throughout this paper, we will use the superscript * to denote the matrix Hermitian transpose. This minimization process can be performed in a depthfirst tree search [4] .
Finally, the relay transmits the xr =xs in the second time slot to the destination, using the same modulation order. The received vector at the destination from the relay is denoted by y (2) d . Given the two received copies in the destination, the MaximumLikelihood detector is equivalent to
After expanding each of the norms in (7) and regrouping the different terms, (7) can be rewritten as
where the equivalent channel matrix, HFDF , and the equivalent received vector, yFDF , are given by
The destination can now perform sphere detection on the newly formed combined matrix and vector of (9) and (10) . It should be pointed out that a similar approach to performing the detection process is to concatenate the two received vectors rather than directly computing the (9) and (10) . While that approach avoids the combining step, it requires a more complex pre-processing stage since the QR decomposition will be performed on matrices with larger sizes.
The full detect-and-forward strategy, discussed in this section requires a relay with a considerable amount of resources to perform full detection of the source signal. While this can be feasible for dedicated and infrastructure relays, this may not be a practical assumption for mobile resource-limited, e.g. battery-operated, devices that may choose to operate as relays when they are in idle modes. In such scenarios, depending on the resource availability in the relay, the relay may not be capable of dedicating sufficient resources to other communication links. Therefore, it is critical to develop lowoverhead strategies that a resource-limited relay can use to assist another communication link while preserving sufficient resources given its resource budget.
IV. COOPERATIVE PARTIAL DETECTION (CPD) WITH MIMO RELAYS
In this section, we propose cooperative partial detection (CPD) as a low-complexity strategy for relays with limited resources. The cooperative partial detection (CPD) is based on partial sphere detection in the relay to facilitate the cooperative detection strategy.
A. Partial Sphere Detection (P-SD) in the Relay
In order to reduce the relay overhead, we propose partial sphere detection (P-SD), where the relay visits only a subset of the tree levels as opposed to all the levels. Our proposed partial sphere detection (P-SD) requires similar pre-processing operations as that of the conventional sphere detector: the QR decomposition triangularizes the channel matrix, and the tree traversal starts from the top level, i = Ms, where Ms is the number of transmit antennas. Unlike the conventional sphere detection method, the tree traversal of the partial sphere detection method terminates in one of the middle levels, and the corresponding minimum distance at that level is considered as the partial detected symbol vector. We call the number of visited antennas the expansion factor, ef , and, as pointed out in section II, use ef antennas of the relay to transmit those messages. Figure 2 shows this process for an example case with 16-QAM modulation, and expansion factor of 2.
In other words, instead of transmitting xr =xs, as in FDF, the relay now transmits only ef symbols, xr = [x1, ..
.,x ef ]
T , where the superscript T denotes the vector transpose operation. In order to understand the computational savings of the P-SD, we should note that the complexity of sphere detection, in terms of computation count, can be modeled as: CSD = P 1 i=Ms CiE{Di}, where Ci corresponds to the computation count for one node in level i, and E{Di} is the average number of visited nodes in level i. Based on Eq. (6), it is clear that Ci is larger for the nodes closer to the bottom of the tree, i.e. Ci+1 < Ci. Therefore, P-SD reduces the total complexity in the relay by not only reducing the total number of visited nodes, but also by limiting the search to the nodes located at the top of the tree with less computation per node. It should be pointed out that since the channel matrix changes at a slower rate than the received vector, the QR decomposition needs to happen at a slower rate. Using interpolation methods for OFDM systems can further reduce the QR overhead. Therefore, for many practical systems, the computations of CSD dominate the overall complexity of the detector. 
B. Detection in the Destination: MRC Cooperative Partial Detection (MRC-CPD)
We present the detection scheme in the destination. The destination combines the two received vectors, y ( 
1) d
and y (2) d , as shown below. We first break the original transmitted vector into two parts:
where
and denote the relay's transmitted vector as
We also split the source-destination channel matrix into two parts according to (11) :
Similar to Eq. (7), assuming perfect detection in the relay, i.e.x1 = x1, the symbol level maximum-likelihood solution can be written as the following minimization problem:
where g(.) contains those terms that do not depend on x and, hence, will not affect the solution, and A and B are given by:
Comparing (15) 
After combining the effective yCPD and HCPD, they are passed to a sphere detector to detect the ML solution x. Because of the similarity of this combining scheme and the receiver diversity maximal ratio combining (MRC) in SIMO systems, we call this symbol level combining MRC Cooperative Partial Detection (MRC-CPD).
V. PERFORMANCE COMPARISON
In this section, we compare the BER performance of the proposed detectors using both Monte-Carlo simulations and the Wireless Openaccess Research Platform (WARP).
A. Simulation Results
We assume a three node relay network topology with the relay located between the source and destination, on the same line, and thus d sd = dsr +d rd , and a path loss exponent of α = 3. We assume a fixed location for the relay, and then optimize the performance by varying the power splitting ratio μ, as defined in Eq. (4), from the discrete set of {0.1, 0.2, ..., 0.9}, and use the one with the highest performance, i.e. μ = μFDF . In order to make sure that the savings in the relay are not limited to baseband processing savings, we also limit the transmit power of the relay for the CPD cases: μ
which guarantees that by picking the partial detection strategy, the relay not only saves in the baseband computational processing, but also, in the total relay transmit power. Figure 3 shows the BER performance for 4 antenna, 16-QAM modulation, and the ef values ef = 2 and 3. In the CPD method, the relay chooses the ef streams based on the sorted QR technique. The relay is located at dsr = 0.2. The expansion factor is set to ef = 2 and 3, and the power splitting ratio of the FDF method is μ F DF = 0.6.
B. Hardware Verification
In this section, we describe the hardware platform to perform cooperative communication tests. WARPLab allows rapid prototyping of physical layer algorithms over the air, by exposing WARP hardware [10] to MATLAB. In this setup, multiple WARP boards are connected to a host PC through an Ethernet switch. A set of boards are designated as the transmitters and a set of boards are designated as the receivers through the WARPLab framework. To transmit, raw samples (I/Q) values are generated in MATLAB and uploaded to the transmit boards via Ethernet. When the host PC sends a trigger signal to all nodes via Ethernet, the transmit boards modulate the raw samples in the FPGA transmit buffers to the 2.4 GHz frequency signals, and transmit them through the radio boards of the transmit boards. The receive boards capture the incoming RF signals, downconvert them to the baseband samples and store them in the receive buffers of the FPGA. The host PC, in MATLAB, reads and process the values in the receive buffers via Ethernet. Note that the relay's baseband physical layer is a highly parallel architecture, and therefore, can effectively utilize FPGA's resources. As part of the future work, we will transfer parts of these processing from the host PC to the FPGA.
The transmit signal models a narrowband single subcarrier system. Since the sampling frequency is 40 MHz, an I/Q vector generated in MATLAB is upsampled by 128 in MATLAB to generate a narrowband signal with bandwidth of 625 kHz. The generated transmit vector includes preamble for synchronization and space-time coded pilots for estimating the channel. Since all digital baseband processing is done in MATLAB on the host PC, the host processes the preamble to perform timing synchronization and pilots to estimate the channel.
Our test setup, Figure 4 , is a 2 × 2 three node cooperative system. A total of three WARP boards are connected to a host computer through an Ethernet switch. Experiements are conducted using an Azimuth ACE 400 WB wireless channel emulator [11] . The emulator can support up to a 4 × 4 setup-it has four inputs and four outputs and 16 bidirectional links. For the 2 × 2 full MIMO relay setup, we use 2 inputs, 4 outputs and 12 paths. For the first time slot, we designate one node as the source, one node as the relay, and one node as the destination. Four forward links are used to connect the source node to the relay node. Similarly, four other links are used to connect the source node to the destination node. Since all processing is done at the host computer, we can use the reverse link (which can be independent from the forward link) for the relay to destination link. We designate one node as the relay and one node as the destination and connect the two nodes with four reverse links.
The hardware emulation results using the platform are shown in Figure 5 for a 2 × 2, 16-QAM system, where the relay is located at dsr = 0.5, and the power splitting ratio is μ = 0.5, and the channel is a 3GPP Class B channel [11] . Since the tests are performed on a hardware platform, the performance curves take into account the effects of the baseband processing as well as the RF chain, e.g. the amplifiers, the AGC (automatic gain control), imperfect channel estimate, etc. In the presence of such effects, the CPD method provides a middle point that improves the performance compared to the no-relay scenario while avoiding the larger complexity of the FDF method, which conforms with the simulation results for other systems dimensions. 
VI. CONCLUSION
In this paper, we proposed a novel and practical cooperative partial detection scheme for MIMO relay networks, which was based on an architecture-friendly MIMO detection scenario. We showed that this scheme can be used to distribute the computational processing between the source and the destination. Furthermore, we verified this algorithm on hardware using the WARP platform.
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